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ABSTRACT

The principal results of the Caracas Seismic Microzoning Project consist of response spectra at different
subsoil conditions within the sedimentary valley, and an estimation of landslide hazard for hillside areas.
The methodology used for the development of the soil response comprises: probabilistic assessment of
seismic hazard at rock sites; identification of soil and basin site effects; definition of microzones of
similar seismic response. The seismic hazard in the area of Caracas was detailed with values ranging
between 0.265 and 0.3 g for PGA and between 0.21 and 0.28 g for A1 (1-sec. period response), at four
macrozones. We developed generic models of dynamic response using 1D equivalent linear analysis,
considering variations in sediment thickness and Vg 3p. The analytical results are calibrated and corrected
by comparing them with actual earthquake response spectra; approximate 2D-3D basin effects are
included. The distribution of microzones in the valley is based on geomorphologic, geological and
geophysical modeling, and was calibrated by soil profiles from deep boreholes, and predominant periods
from H/V. The earthquake triggered landslide hazard is evaluated using information regarding geology,
geomorphology, geotechnical information, slope, weathering and anthropic alterations, by means of a
modified Newmark method with Arias intensities. Thus, priority areas for intervention may be identified.
Part of the study includes the evaluation of buildings regarding their typified structural reliability,
calibrated with the 1967 Caracas earthquake damages, which will point out the priorities for retrofitting
of existing buildings regarding their location within the different microzones.

Keywords: Microzoning, seismic hazard, site effects, response spectra, landslide, building retrofitting.

INTRODUCTION

The Venezuelan capital Caracas is exposed to high seismic hazard due to its location on the limit between
the Caribbean and South America plates, evidenced by La Tortuga, San Sebastidn, Tacagua-El Avila and
La Victoria fault systems (from north to south; e.g. Beltrdn, 1994; Audemard et al., 2000). The city with
more than 3.5 million inhabitants is located in a tectonic valley 25 km long and 4 km wide, densely
urbanized and extending today widely on the surrounding steep hills.

During its history, Caracas has suffered several destructive earthquakes, being the most recent one, the
1967 Caracas earthquake, a magnitude 6.6 earthquake which occurred as a multi-event earthquake
between 25 northwest and 14 km north of Caracas (Sudrez and Néabélek, 1990), which caused damage to
numerous buildings, including the collapse of 4 multistory buildings (e.g. Bricefio et al., 1978), with more
than 300 people killed. Damage investigations of buildings were performed in detail, including soil and
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building dynamical characteristics, and the earthquake engineering characteristics of the deposits, seen as
the fundamental factor for earthquake damage (e.g. Whitman, 1969; Seed et al., 1970; Arcia et al., 1978).
The particular behavior of the thick soil deposits in the east of Caracas valley had attracted attention
during the past decades, leading to detailed studies of seismic response and ground shaking characteristics
(e.g. Papageorgiou and Kim, 1991; Abeki et al., 1998; Semblat et al., 2002; Rocabado et al., 2006). The
seismic building code (COVENIN, 2001) does not consider important parameters like the sedimentary
thickness to basement and basin geometry, but the thickness of strata up to the engineering rock with Vs >
500 m/s.

During “Basic Study on Disaster Prevention” (Yamazaki et al., 2005), various scenarios for earthquake
disaster were studied. Nevertheless, basin effects as observed during the Caracas 1967 earthquake, could
not be modeled thoroughly, and the need for more complete subsurface studies was evidenced. This task,
which had been started previously (Schmitz et al., 2002) was done with financial support of the program
FONACIT- BID II 200400738 within the scope of the Caracas and Barquisimeto seismic microzoning
study in the years 2005-2009. The principal objective of this study was the identification of zones of
similar response to seismic motion, in order to be able to adjust seismic design of buildings to the
different scenarios within the city, considering the integration of geological, geophysical, geotechnical
and seismological information for the definition of microzones in an interdisciplinary approach
(Hernandez et al., 2006). We present the fundamentals of the methodology applied, as well as the
principal results of subsurface evaluation and microzones with the design spectra derived for each of
them.

A fast growing part of the city with more than half of its population comprises informal housing at steep
hillsides surrounding the valley with earthquake or rainfall triggered landslide as the principal hazard in
these areas. Therefore, a methodology for the evaluation of the susceptibility to mass movements,
including local calibrations, was applied (Herndndez et al., 2008). We consider crucial the concise
development of local building regulations, which take into account the results presented here with a
diversity of scenarios, which may contribute to the mitigation of the seismic risk in Caracas by means of
land use planning, retrofitting of existing buildings and design of new constructions according to the
seismic response expected for each microzone.

METHODOLOGY

The estimation of the soil motion in different areas of a city is an efficient tool for mitigation of seismic
risk, being site amplifications crucial for local behavior (Bard, 1999). We present a resume of the
methodology applied in this study, exposed in detail in Herndndez et al. (2006), which is aimed at the
definition of the level of seismic hazard and the possible local effects.

The principal elements used within the study are:

1) Characterization of the sources: historic seismicity, neotectonic analysis, paleoseismology, and
seismological studies.

2) Probabilistic evaluation of seismic hazard at outcropping rock and their variation within the study area
in north-south direction, considered for the amplitude of the typified response spectra.

3) 1-D parametric study of the dynamic response using a linear equivalent analysis (Schnabel et al.,
1972), for varying sediment thickness (between 10 and 350 m) and average shear wave velocity for the
upper 30 m (Vs3p between 150 and 650 m/s), grouped within 12 classes (Table 1) according to their
typical behavior. The results are calibrated and corrected by means of comparison to spectra from
earthquake records (PEER, 2005).
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4) Spatial site effects: incorporation of 2-D and 3-D basin effects and topographic effects.

5) Definition of microzones of similar seismic response according to geomorphologic, geological and
geophysical data of the sedimentary basin fill and geotechnical properties of the rocks exposed at
hillsides, topographic analysis and the detailed evaluation of building damage due to the 1967 Caracas
earthquake.

6) Outside the sedimentary areas, the earthquake triggered landslide hazard is evaluated using information
regarding geology, geomorphology, inclination, weathering and anthropic modifications. Thus, priority
areas for intervention may be identified.

7) Part of the study comprises the evaluation of existing buildings regarding their typified structural
behavior, leading to the priorities for intervention regarding their location within the different
microzones.

All the information generated within the project is introduced in a Geographic Information System (GIS),
which will enable the interaction with local institutions and urban planners for fast implementation of the
recommendations. Interaction with local communities is organized by the “Aula Sismica Madeleilis
Guzman” at FUNVISIS, a unit that works in disaster prevention education.

Table 1. Groups of generic soil profiles used for dynamic response of sediments and resulting
microzones associated; (n=1, 2,3 or 7).

Vsao (M/s)

185 - 325

H, deposit (m)

<60 GP-01 / 3-3 | GP-02 [n-2
GP-04 / no [/GP-05 /42
120 - 220 GP-07 / no GP-08 / 5

> 220 GP-10 / no GP-11 / 6 GP-12 / 6

PRINCIPAL RESULTS

Subsurface model of the Caracas valley

The information regarding the subsurface model of the Caracas valley, crucial for the determination of the
seismic response within Caracas Metropolitan Region, was obtained by means of the interaction of
different disciplines within the working group, and was integrated in the map of microzones, containing
the principal characteristics together with recommendations for their application. We concentrated on the
relation between geology, the geophysical characteristics of the deposits and the dynamic response they
might generate, in order to associate typified spectra to each microzone.

The mapping of the principal geological formations and geomorphologic units, together with the
information on sedimentary thickness and seismic velocities of the near surface units, constitutes the
basic information for the definition of microzone boundaries. The principal bedrock units that compose
the base of the sedimentary valley are the Las Brisas and the Las Mercedes schists, the same units that are
cropping out in the hills south of the valley. Additionally to the geological mapping (Urbani and
Rodriguez, 2004), an analysis of the distribution of the quaternary sediments (Singer et al., 2007; figure 1)
enables us to define their limits with regard to the bedrock and the internal sedimentary structure within
the valley. The determination of sedimentary thickness bases on the data from drillings aimed for
groundwater exploration (Delaware, 1950; Kantak et al., 2005), seismic refraction profiles (Murphy et al.,
1969; Sénchez et al., 2005), depth estimates from the conversion of predominant periods from more than
1500 individual sites of ambient noise measurements, to which the H/V analysis (Bard, 1999) was applied
(Rocabado et al., 2006; 2010), and 3-D gravimetric modeling (Amaris et al., 2011). 4 deep drillings (110
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to 280 m in depth), done within the scope of this project, allow for the calibration of the sedimentary
thickness, which were corrected specifically in the northeastern (Los Chorros) and western (San
Bernardino) part of the valley, where information from previous investigations pointed to a thickness in
the order of 100-120 m, whereas the new drillings allowed to derive a thickness of more than 200 m in
both cases (see Amaris et al., 2011). At two sites (La Carlota and San Bernardino) the geotechnical
profile was derived down to bedrock. At the three sites in the western part of the valley, strong motion
observatories were installed with three component sensors at three different depth ranges (at bedrock, 30
m depth and the surface). In the future, the records from these observatories will be used for the
calibration of the geophysical and geotechnical model. Areas with predominant periods superior to 1 s
coincide with sediment thickness of more than 100-150 m (Rocabado et al., 2010). The information on
the predominant periods is also used for the calibration of the microzone boundaries.

Graphic scale
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Figure 1. Simplified Quaternary geological units of Caracas valley (Singer et al., 2007).

One of the critical parameters for the characterization of the subsoil is the shear wave velocity, indicated
in the Venezuelan building code (COVENIN, 2001) as the fundamental parameter for determination of
the respective spectral form. For practical purpose, we decided to use the shear wave velocity of the upper
30 m (Vs30), as is used in different seismic building codes (e.g. BSSC, 2003, CEN, 2003), as one of the
parameters for the parametric 1-D study of dynamic response. The distribution of Vg3, is based on the
Standard Penetration Test (SPT) indexes from geotechnical drillings at about 1,000 sites (Feliziani et al.,
2004), that have been converted to shear wave velocities using empirical conversion formula for
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sedimentary deposits (Imai and Yoshimura, 1970; Ohta and Goto, 1978). The values obtained have been
compared and integrated with direct observations of seismic refraction measurements (Campos et al.,
2004; Morales et al., 2008), spectral analysis of surface waves (SASW) (Garcia et al., 2006), microtremor
array measurements (Cornou et al., 2010), and downhole and crosshole measurements (Murphy et al.,
1969; Campos et al., 2004). Outside the sedimentary valley, V3 has been estimated using a methodology
proposed by Wald and Allen (2007) and Allen and Wald (2009), using a map of slope inclination from
SRTM-data (Morales et al., 2010).

Seismic Hazard

Following the Venezuelan building code (COVENIN, 2001), the PGA at rock outcrop is 0.3 g for a mean
return period of 475 years, based on regional intensity attenuation laws with few details in the near field.
For the Caracas seismic microzoning project, a probabilistic seismic hazard assessment was performed,
applying a revised seismogenic model (Herndndez, 2009a), worldwide attenuation laws of spectral
response at different vibration periods, and including fault rupture directivity effects (Abrahamson, 2000),
aiming to obtain uniform hazard spectra at rock outcrop. The uniform hazard spectra are characterized by
PGA (AO0) and by the elastic response of structures with a period of T =1 s (Al). A0 shows the highest
values of 0.3 g to the north and south, due to the vicinity to the faults, whereas Al decreases from north to
south (Hernandez and Schmitz, 2009), as it depends basically on the high seismic magnitudes that are
feasible for the more active faults to the north.

The resulting hazard was grouped in 4 macrozones with representative values { AO; A1} and the definition
of elastic spectra (damping & = 5%) at rock outcrop (Figure 2). A0 varies between 0.265 g in the center
and 0.3 g to the north and south, whereas Al decreases from 0.28 g in the north to 0.21 g in the south of
Caracas (Hernandez and Schmitz, 2009); the respective spectra are below the ones of the building code.
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Figure 2. Macrozones of seismic hazard for Caracas Metropolitan Region (left: N = north; CN =
center-north; CS = center -south; S = south), and uniform hazard elastic spectra (§ = 5%) at rock
outcrop for each macrozone compared to the building code spectra (Hernandez and Schmitz, 2009).

Response spectra

In order to assign response spectra for each microzone, generic models of dynamic response were created,
exploring the variations in terms of shear wave velocity (Vg3g), with values distributed in 9 classes
(between 150 and 650 m/s), and varying sediment thickness (between 30 and 350 m thickness), including
some additional cases with 10 and 20 m thickness for a total of 103 different soil profiles (Herndndez et
al., 2010). Geotechnical information was derived from deep drillings and available geotechnical
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information, in order to define a scheme wit basic geophysical (shear wave velocities after Sdnchez et al.,
2005) and geotechnical parameters (Figure 3, left), with the generic variations indicated above.

To each soil layer 2 sets of curves of non-linear behavior, considering the extreme cases of fine and
granular material, were assigned and a linear equivalent analysis (Schnabel et al., 1972) of the 1-D site
response was done. Seismic motion input was defined from six strong motion records -representative of
the seismic hazard at rock outcrop- deconvolved to bedrock. The derived elastic response spectra (§ =
5%) were grouped into 12 classes with 1-D spectra weighted for each of them (Figure 3, right) within the
limits displayed in table 1. Then, they were compared with spectra from actual records for earthquakes of
similar intensity in similar sites (PEER, 2005), needing few small corrections that point out to a good
reliability of the methodology. For the final response spectra, 2-D and 3-D basin effects are taken into
account, as they have been a key factor for damage distribution during the 1967 Caracas earthquake.
Using the spectra derived by Papageorgiou and Kim (1991) for Los Palos Grandes area, response spectra
which include 2-D effects were derived for each microzone modifying the 1-D spectra, with
amplifications in the period range up to 2 s, and with an extended period range up to 4 s based on a 3-D
model of seismic response (Delavaud, 2007). Examples of the derived response spectra including 2-D and
3-D basin effects are displayed in figure 4 for weathered rock (left) and for the deepest part of the
sedimentary basin (right).
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Figure 3. Scheme of shear wave velocities and unit weight for the geophysical / geotechnical model
used for parametric study of 1-D dynamic response (left) and 1-D elastic response spectra (§ = 5%)
for site classes for a PGA of 0.28 g corresponding to most of the sedimentary valley (right).
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Figure 4. Elastic response (§ = 5%) spectra for microzones with weathered rock (left) and a
sediment thickness of more than 220 m (right), both examples for Vg3 > 325 m/s (Hernandez et al.,
2010).

The response spectra for each group are compared with the building code spectra from the Venezuelan
code (COVENIN, 2001), showing several important differences. Additionally, comparisons to the spectra
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of the EUROCODE 8 (CEN, 2003) and those derived within the seismic microzoning project for
Thessaloniki, Greece (Pitilakis, 2004) were done. We obtained a good fit with the modern spectra from
these documents, pointing to a good reliability of the applied methodology. The response spectra for rigid
and intermediate stiff soils are higher than the ones of the local code (COVENIN, 2001) in the period
range 0.5 to 2 s (Figure 4). Nevertheless, the spectra at unweathered rock are less demanding than the
code spectra. In the future, calibrations will be done with the experimental transfer functions from
observations of the strong motion observatories. Estimates for topographic effects were introduced,
following the French recommendations (AFPS, 1990) for different situations at hillsides, which are
responsible for short period amplifications.

Definition of microzone boundaries

For the definition of the boundaries between microzones, that take into account the modifications of
seismic motion due to the sediments and rock weathering, the map of Quaternary geological units (Figure
1), the sedimentary thickness grouped into 4 classes (Amarfs et al., 2011), the distribution of Vg3
(Morales et al., 2010), the damage distribution after the 1967 Caracas earthquake (Bricefio et al., 1978),
the distribution of 3-D basin effects (Delavaud, 2007) and the macrozones from the seismic hazard
assessment (Herndndez and Schmitz, 2009) are taken into account. The final map of microzones is
displayed in figure 5; for each individual microzone a response spectrum is assigned. For the microzones
4 — 6, all located within the sedimentary valley and with a sediment depth of more than 60 m, 2-D and 3-
D basin effects are incorporated in the spectra. The distribution of the microzones was calibrated by
different means, as for example the modeling of geotechnical profiles down to bedrock and predominant
periods from ambient noise measurements and empirical transfer functions. Data from three deep (110 to
280 m depth) accelerographic observatories will help to constrain the results in the future. In the vicinity
of the active faults (Tacagua and El Avila in the north with minor uncertainty; Sur Guarenas in the east
and San Antonio and San José in the south with greater uncertainty), a security corridor is marked as
suggested by Bryant and Hart (2004), in order to account for permanent deformations. At hillsides, the
level of weathering of the rocks is taken into account by means of the V3o in order to assign design
spectra for hard rock or weathered rock, as well as for topographic effects.

e

LIBERTADOR

R2  paARUTA

n

Figure 5. Zoning of seismic hazard at rock outcrop and microzones of similar seismic behavior for
the Caracas valley. Variations of A0/A1 for macrozones and the corresponding spectra at rock, R7:
0.3/0.28 g; R3 (including microzones 3-6): 0.28/0.245 g; R2: 0.265/0.23g; R1: (0.3/0.21 g. Variations
of sediment thickness and Vg 3 define the spectra: sediments of 0 to 60 m: 1-1, 2-1, 3-1, 7-1 (Vg3 >
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325 m/s), 1-2, 2-2, 3-2 (Vg 30 = 185-325 m/s) and 3-3 (Vg3 < 185 m/s); sediments of 60 to 120 m: 4-1
(Vs30 > 325 m/s) and 4-2 (Vg 30 = 185-325 m/s); sediments of 120 to 220 m: 5 (Vg3 > 185 m/s);
sediments greater than 220 m: 6 (Vg3 > 185 m/s); see table 1 for overview of spectra.

Earthquake triggered landslide hazard

Outside the sedimentary valley, the slope stability was analyzed at a scale 1:25,000 with respect to the
landslide hazard triggered by earthquakes (Hernandez et al., 2008). Six hazard levels were identified
(Figure 6) which is aimed to help decision making to assign priority for more detailed studies and the
implementation of mitigation measures. The study was based on geological, geomorphologic and
geotechnical information derived previously in the central part at a scale 1:10,000 (Feliziani et al., 1985),
as well as digital elevation models. A geotechnical characterization of the hillsides was done, taking into
account the lithological characteristics and structure, the slope inclination and extern geodynamics
(geomorphology and land use). The obtained maps of geotechnical orientation and susceptibility to plain
slides were calibrated in the Alto Prado neighborhood at a scale 1:2,500, and they were correlated with
historic and recent landslides triggered by rainfall. For the evaluation of the earthquake triggered
landslide hazard a methodology using Newmark (1965) displacements, which had been calibrated in areas
with earthquake induced landslides, was applied, taking into account seismic hazard by Arias intensities
for a mean return period of 700 years, corresponding to building code specifications for large-scale
buildings.

PROYECTO DE MICRCZONIFICACIGN
SISHACA DE CARACAS

Mapa ce pefigm a ceslizamientos par sleme

Figure 6. Map of earthquake triggered landslide hazard for .hillside areas in Caracas (Hernandez et
al., 2008).

Structural reliability

In order to establish recommendations for retrofitting the riskier buildings of the city according to their
microzone location, an approximate evaluation of typical buildings was performed. For 13 construction
practices (combinations of 9 seismic codes and 7 concrete design codes) employed between 1939 and
2009, and for buildings of 1 to 20 stories, we estimate their design inelastic spectra and compare with the
demand inelastic spectra in 8 microzones, including several detailed evaluations. This set was divided
into groups of two thicknesses of deposits (more and less than 120 m), and three building heights (low,
medium and tall). Building responses were analyzed by means of the modern structural reliability theory
relating ductility demands with several damage levels (moderate, severe and total), calibrated with the
1967 Caracas earthquake damages (Arcia et al., 1978). Fragility curves (see Figure 7 for severe damage of
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medium height buildings on the thicker deposits) and reliability indexes for those damage levels, loss
estimates for several seismic scenarios and expected total losses were obtained (Herndndez, 2009b). All
of these results support advices of priorities of seismic building upgrading, being their construction
practice the more influential factor.
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Thick deposits // Medium buildings
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Figure 7. Fragility curves for severe damage of medium height buildings in thick deposits
(Hernandez, 2009b)

CONCLUSIONS

During the 1967 Caracas earthquake, the damage distribution evidenced strong site effects within the
sedimentary valley. Nevertheless, the principal parameters which control the seismic response, as
sediment thickness of more than 50 m and basin geometry, are not considered in the Venezuelan building
code (COVENIN, 2001), motivation for the realization of the Caracas seismic microzoning study. A
multidisciplinary approach for the evaluation of the seismic response was applied with the generation of
generic subsoil models depending on the thickness of the sediments and the shear wave-velocity for the
upper 30 m (Vs3), considering a fixed model of geophysical and geotechnical characteristics of the
valley sediments. The obtained spectra were calibrated by comparing with representative earthquakes
records, and basin effects were introduced for sediment depths greater than 60 m. The results of this
project allow to assign reliable response spectra for the different parts of Caracas. An evaluation of
earthquake triggered landslide is also included in the project, based on the evaluation of the landslide
susceptibility and earthquake triggered landslide potential considering seismic hazard by Arias intensities.
The resulting maps may be used for the definition of areas for most urgent intervention and reference for
more detailed technical studies. In order to define priorities for upgrading of the existing building stock, a
vulnerability evaluation of typified buildings regarding their age of construction, height and location with
regards to the sedimentary thickness was done, which allows to focus on the most urgent types for
evaluation and retrofitting. An efficient elaboration of recommendations and local building codes will be
of paramount importance for the implementation of the project results, in complement to the national
building code, which allows for special projects to substitute locally the national regulations.
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